Abstract: Previous studies have reported that O/W emulsion prepared using a surfactant with phytosterol as the hydrophobic moiety exhibited unique morphology; a lamellar structure was present on the surface of the emulsified particles. It is suggested that such a unique self-organized structure was due to the large and bulky planar structure of the sterol. On the other hand, sparingly soluble compounds including ultraviolet ray absorbers and medicines (e.g., indomethacine and finasteride) have been used after they are dissolved mainly in polar oils. However, it is very difficult to dissolve them in bases that contain small amounts of oil components such as lotions. Moreover, many of these sparingly soluble compounds have planar structures such as aromatic rings and are easy to crystallize in polar oil. In this study, sterol surfactants were considered suitable for solubilizing sparingly soluble compounds, since they have a bulky planar structure in their molecules. On this basis, the solubilization of ultraviolet ray absorbers using sterol surfactants was investigated. Methods to solubilize ultraviolet ray absorbers stably and effectively by using a surfactant that had a phytosterol structure have been clarified. Further, the following features were also suggested: (1) the microemulsion of phytosterol surfactant is different from that of other surfactants and (2) a rigid core that has solubilized compounds between the hydrophobic moieties was considered; further, the core was surrounded by a polyoxyethylene chain that prevented the self-aggregation. Analysis using NMR measurements suggested that (1) the polyoxyethylene/polyoxypropylene random copolymer dimethyl ether squeezed in a narrow gap between the hydrophobic moieties of the surfactant, and (2) this eventually increased the solubilized amount of an ultraviolet ray absorber.
INTRODUCTION
In recent years, many studies have been performed on surfactants having cholesterol as a hydrophobic moiety [1] [2] [3] [4] [5] [6] . For example, Folmer et al. studied the physicochemical behavior of a series of phytosterol ethoxylates in water. They reported that the (1) surfactants with a short hydrophilic chain led to a wide lamellar liquid crystalline phase, (2) surfactants with a long hydrophilic chain led to a cubic and hexagonal liquid crystalline phase; further, these liquid crystalline phases were stable up to 100 7) . Sato et al. reported the phase behavior and the self-organized structures of a water/polyoxyethylene cholesteryl ether (ChEO n ) system. ChEO n formed a variety of self-organized structures in water. Compared to a conventional aqueous nonionic surfactant system, the intermediate R 1 region of ChEO n was extremely wide 8) . Moreover, in our previous study, it was reported that O/W emulsion prepared by a surfactant with phytosterol as the hydrophilic moiety exhibited a unique morphology with a lamellar structure on the surface of the emulsified particles 9) . It is suggested that the unique self-organized structure was because of the large and bulky planar structure of the sterol On the other hand, sparingly soluble compounds including ultraviolet ray (UV) absorbers and medicines (e.g., indomethacine and finasteride) have been used after first dissolving them mainly in polar oils. However, it is not very easy to dissolve these compounds in bases that contain small amounts of oil components such as lotions. Moreover, many of these sparingly soluble compounds have a planar structure (for example, an aromatic ring), and they crystallize easily in polar oil. In this study, sterol surfactants were assumed to be suitable for solubilizing sparingly soluble compounds 12) , since sterol surfactants have a bulky planar structure in their molecules. On this basis, the solubilization of UV absorbers using sterol surfactants was investigated.
Sabatini et al. reported that the amount of solubilization increased with polyoxyethylene nonionic surfactants with polyoxypropylene moiety insertions between their hydrophobic and polyoxyethylene moieties 13) . Based on their report, the ability of sterol surfactants with polyoxypropylene moieties to increase the amount of solubilization was investigated in this study. It was found that a large amount of UV absorbers with significantly high molecular weights could be solubilized in water using polyoxyethylene (14 mol)/polyoxypropylene (7 mol) random copolymer dimethyl ether (EPDME(14/7)) as a co-surfactant. This special solubilization phenomenon is also discussed in this paper.
EXPERIMENT

1
2-Hydroxy-4-methoxybenzophenone (Givaudan Roure, Vernier, Switzerland), 2-ethylhexyl p-methoxycinnamate (Givaudan Roure), 4-t-butyl-4'-methoxybenzoyl methane (Givaudan Roure), 2-ethylhexyl-2-cyano-3,3-diphenylacrylate (DSM Nutritional Products, Kaiseraugst, Switzerland), 2,4-bis-[{4-(2-ethylhexyloxy)-2-hydroxy}-phenyl]-6-(4-methoxyphenyl)-1,3,5-triazine (BEMT) (CIBA Specialty Chemicals, Basel, Switzerland), and 2,4,6-trianilino-p-(carbo-2'-ethylhexyl-1'-oxy)-1,3,5-triazine (BASF Co., Ludwigshafen, Germany) were used as UV absorbers without further purification. The chemical structures of UV absorbers are shown in . Polyoxypropylene (m mol) polyoxyethylene (n mol) phytosterols (POm/EOn-PS) (Nihon Surfactants Kogyo, Tokyo, Japan) were used as sterol surfactants without further purification. Glyceryl diisostearate (DIG) (Taiyo Kagaku, Okayama, Japan) was
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used as the oil in the phase diagram study. EPDME(14/7) (NOF, Tokyo, Japan) was used without further purification. The water used in this study was deionized water unless otherwise mentioned. D 2 O was purchased from Aldrich Chemical, Milwaukee, WI, USA.
2.2.1 Drawing phase diagrams
The phase diagrams of EO30-PS-Water-DIG, EO30-PS-50 wt% EPDME(14/7) aqueous solution-DIG, and PO7/ EO30-PS-Water-DIG systems were prepared at 25 in the following manner. A surfactant and DIG were mixed at a specific ratio and then placed in a test tube with a screw cap; the mixture was uniformly melted at 80 . A mixture of this melted sample and water at a specific ratio was used as the sample for the phase diagram study. After each sample was repeatedly mixed using a pencil mixer and centrifuged (3000 rpm) for obtaining a uniform sample, it was examined in order to confirm that its equilibrium occurs at 25 . Phase state determination was performed by direct visual inspection, observations using crossed polarizers, and a small-angle x-ray scattering measurement. The small-angle x-ray scattering measurement was performed using a SAXSees (Anton Paar, Graz, Austria) at 25 . 2.2.2 Solubilization of UV absorbers using phytosterol surfactants EO30-PS, PO7/EO20-PS, PO7/EO30-PS, PO20/EO25-PS, and PO20/EO30-PS were chosen as the phytosterol surfactants with different types of hydrophilic moieties. The surfactants and UV absorbers were heated at 80 , yielding a molten transparent sample. The mixture was added to water at room temperature with stirring, and micelle solutions solubilized UV absorbers were prepared. The concentrations of the surfactant and UV absorber were adjusted to be 0.4 and 0.1 wt% after the preparation, respectively. The solutions of the UV absorbers were inspected using the naked eye. Lightness values (L values) of the solutions were measured by using a 7000A Color-Eye (Gretag Macbeth, Regensdorf, Switzerland) for assessing the micellar size.
2.2.3
Effect of EPDME(14/7) on the solubilizing power of PO7/EO30-PS The authors reported that EPDME distributed in the polyoxyethylene chain of a nonionic surfactant functioned as a hydrophilic co-surfactant and decreased the microemulsion size 14, 15) . In this manner, EPDME(14/7), PO7/EO30-PS, and a specific amount of BEMT were melted and mixed at 80 . The concentrations of EPDME(14/7), PO7/EO30-PS, and BEMT were adjusted to be 2, 0.4, and 0.1~0.4 wt%, respectively. Further, a sample without EPDME(14/7) was used as the control. Each sample was measured as mentioned in 2.2.2. 2.2.4 Solubilization of BEMT using various phytosterol surfactants EO30-PS, PO7/EO20-PS, PO7/EO30-PS, PO20/EO25-PS, and PO20/EO30-PS, which were used as phytosterol surfactants with various hydrophilic moieties, were compared with each other. One gram of EPDME(14/7), 0.05~1 g of surfactants, and 0.1 g of BEMT were mixed, melted, and made transparent at 80 . The total weight became 10 g after the necessary amount of water was added. The final concentration of EPDME(14/7), surfactant, and BEMT in the samples were 10 wt%, 0.5~10 wt%, and 1 wt%, respectively. Each sample was measured as mentioned in 2.2.2. 2.2.5 NMR measurement EPDME(14/7), PO7/EO30-PS, and BEMT pre-mixed at 80 were added into D 2 O at the ratio shown in . These mixtures were used as the samples for NMR measurement. Each sample was sealed in a sample tube with an inner diameter of 5 mm. NMR measurement was performed by using a JEOL JNM ECA-400 (JEOL, Tokyo, Japan) at 30 . 2.2.5.1 Self-diffusion coefficient measurement of PO7/ EO30-PS and EPDME(14/7) For investigating possible interactions between PO7/EO30-PS solubilizing BEMT and EPDME(14/7), the self-diffusion coefficient (D sel ) of samples NM-1, 3, and 4 in were measured using the FT-PGSE (Fourier transform pulsed-gradient spin-echo) method 16) . The measurement was conducted using the BPPLED (Bipolar Pulse Pairs-Longitudinal Eddy current Delay) method 17) . A magnetic field gradient generator with a maximum power of 0.287 T/m was used, and the magnetic field gradient strength was used as the parameter. The diffusion time (D) and the palus length (d) were adjusted to be 200 ms and 4 ms, respectively. 2.2.5.2 Spin-lattice relaxation time measurement of PO7/ EO30-PS and EPDME(14/7) In order to investigate changes in the molecule kineticisms of PO7/EO30-PS solubilizing BEMT with EPDME(14/7), the spin-lattice relaxation time (T 1 ) of the sample NM-1~7 was measured by using the inversion recovery method.
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RESULT
1
Phase diagrams of EO30-PS-Water-DIG and EO30-PS-50 wt% EPDME(14/7) aqueous solution-DIG systems are shown in and , respectively. The mixture of EO30-PS and DIG formed a solid phase (S), which was identified to have a b-type crystalline structure by x-ray scattering measurements, over a wide domain as shown in . It was found that the domain of the microemulsion phase was narrow, and small amounts of DIG could be solubilized, while hexagonal and cubic liquid crystalline phases appeared over a wide domain. In contrast, EO30-PS was found to be insoluble in 50 wt% EPDME(14/7) aqueous solutions ( ). Needle crystals were observed in EO30-PS/50 wt% EPDME(14/7) aqueous solutions by using a microscope. Needle crystals appeared in both hexagonal and cubic liquid crystalline phases in the system without DIG while they were absent in the system with DIG ( ). The phase diagram of PO7/EO30-PS-Water-DIG is shown in . In the PO7/EO30-PS system, a microemulsion phase appeared over a wide domain and a large amount of DIG could be solubilized as compared to that with the EO30-PS system. Moreover, the b-crystal phase became narrow, and the domain of the hexagonal and cubic phases moved to the low-surfactant-concentration side of the phase diagram ( ).
2
The result obtained after solubilizing UV absorbers using phytosterol surfactants with various kinds of polyoxypropylene/polyoxyethylene chains as the hydrophilic moiety is shown in ; the solubilizing power of PO20/EO30-PS is found to be relatively high. In addition, the L values of the solubilized BEMT solution increased irrespective of the surfactant, and BEMT was found to be easy to solubilize. Although sterol surfactants with polyoxypropylene chains generally have high solubilizing ability, the structures of UV absorbers might change this. Interestingly, it was found that a white-lemon yellow deposition appeared even in the case of 2-ethylhexyl-2-ciano-3,3-diphenylacrylate (an oily UV absorber) solution when its concentration was beyond the maximum solubilization
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J. Oleo Sci. 58, (1) 27-36 (2009) The following abbreviations are used: Wm represents the microemulsion phase (aqueous micellar solution); S, the solid phase; H1, the hexagonal liquid crystalline phase; I1, the cubic phase; O, the oil phase; LC, the multi-phase regions with an unidentified liquid crystalline phase.
limit (shown by a cross (X) in and ).
3 3 14 7 7 30 clearly shows that the amount of solubilized BEMT significantly increased, and 0.3 wt% BEMT could be almost transparently solubilized by 0.4 wt% PO7/EO30-PS.
4
As mentioned in the previous section (Section ), BEMT was found to be solubilized by a surfactant with any hydrophilic chain ( ). PO7/EO30-PS is the most suitable type to solubilize BEMT, and 2 wt% PO7/EO30-PS could solubilize 1wt% BEMT. . Since the hydrophilic moiety of PO7/EO30-PS resembled that of EPDME(14/7) in structure, the signals due to a single component were signal in due to EPDME(14/7) methylend moiety and signal due to PO7/EO30-PS phytosteryl moiety. D sel of EPDME(14/7) could be measured using signal . However,
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J. Oleo Sci. 58, (1) 27-36 (2009) and the external polyoxyethylene moieties in the micelle structure of PO7/EO30-PS solubilizing BEMT, respectively. Thus, the molecule kineticism of each functional group in the micelle can be evaluated by using T 1 of each signal. T 1 of signals , , and given in are shown in .
DISCUSSION
1
The morphology of EO30-PS micelle can be observed in the phase diagram in 9) . Although almost all alkyl surfactants with a high HLB number can form lamellar liquid crystalline phases at high concentrations, EO30-PS (90 wt% with 10 wt% water) failed to do this, because it is in a crystal state at the high concentration. The result of x-ray scattering measurement could suppose the state of EO30-PS. The packing ability of the hydrophobic moieties of EO30-PS might be very high as compared to those of other surfactants. It was also reported that the shape of the micelle formed by phytosterol surfactants such as EO30-PS was not spherical but oval 18) . Moreover, needle crystals appeared in the EO30-PS/50 wt% EPDME(14/7) system ( and ). It was speculated that EO30-PS crystallized, since the dehydration of EO30-PS hydrophilic moiety occurred due to EPDME(14/7) 14, 15) .
The alkyl chains in the micelles of conventional surfactants are in intramolecular motion, and the surfactant solution becomes a lamella liquid crystal as the concentration increases. However, it was suggested that the micelle of EO30-PS consisted of a rigid core surrounded by a polyoxyethylene chain, since the motion of its hydrophobic moiety was depressed by the strong packing of sterol. When 2-ethylhexyl-2-ciano-3,3-diphenylacrylate (liquid state at room temperature) was solubilized by EO30-PS, solid matter appeared in the solution without liquid-oil separation ( ). It is believed that 2-ethylhexyl-2-cyano-3,3-diphenylacrylate and EO30-PS might possibly form a rigid core that has solubilized 2-ethylhexyl-2-ciano-3,3-diphenylacrylate between the hydrophobic moieties of EO30-PS.
As described above, it was speculated that (1) the microemulsion of EO30-PS was different from that of other surfactants and (2) it consisted of a rigid core, which held solubilized compounds between the hydrophobic moieties; the surrounding polyoxyethylene chain prevented the selfaggregation. In a previous study 9) , fine emulsions comprising the stratigraphic structure of DIG and EO30-PS were obtained and confirmed by FF-TEM. High crystallinity of phytosterol structure might probably lead to such a unique phenomenon.
In contrast, solid, hexagonal, and cubic liquid crystalline phases became narrow in the phase diagram of PO7/EO30-PS where 7 mol of polyoxypropylene chains are introduced between the hydrophilic and hydrophobic moieties of the surfactants ( ). It was speculated that the introduction of polyoxypropylene chains might reduce the crystallinity of hydrophobic moieties. Further, in the case of a common surfactant, it was observed that the microemulsion phase spread when a polyoxypropylene chain was introduced 13) , and the solubilization domain of DIG also increased in the case of sterol surfactants.
2
Since BEMT has a planar structure and a remarkably high molecular weight, it is difficult to dissolve it in water. Colorless pale transparent solubilization solution was obtained using phytosterol surfactants ( ). It was speculated that phytosterol surfactants had high solubilizing ability with BEMT, since they had a plane hydrophobic moiety in the molecule and could easily squeeze in between two BEMT molecules that have a planar structure. Moreover, it was speculated that PO7/EO20-PS and PO20/EO25-PS could solubilize less amount of BEMT than EO30-PS, since the hydrophilic property of the surfactant was insufficient. However, all the UV absorbers could not be solubilized as well as like BEMT, and no clear relation could be found between the structure of a UV absorber and the structure of a phytosterol surfactant suitable for solubilization.
34
J. Oleo Sci. 58, (1) 27-36 (2009) PO7/EO30-PS had a higher solubilizing ability than EO30-PS for almost all UV absorbers. PO20-/EO30-PS showed the highest solubilizing ability with UV absorbers. It was speculated that the surfactants with polyoxypropylene chains could dissolve a larger amount of hydrophobic substance because the ratio of the hydrophobic moiety occupied in the molecule increased when polyoxypropylene moiety was added.
3 17
When the ratio of PO7/EO30-PS to BEMT was 4:1, PO7/EO30-PS could easily dissolve BEMT, but when the ratio was 2:1, this was not possible. However, a pale transparent solubilization solution could be prepared by a fairly small quantity (approximately 4/3 times) of PO7/EO30-PS to BEMT ( ). Therefore, it was suggested that EPDME(14/7) enhanced the solubilizing ability of PO7/EO30-PS for BEMT. A previous study has reported a similar result; the solubilization quantity of oil increased when a polyoxyethylene/polyoxypropylene block co-polymer was used as a booster 19, 20) . Moreover, even a phytosterol surfactant having lowest hydrophilicity, such as PO20/EO20-PS, showed a higher solubilizing ability than EO30-PS, when BEMT was solubilized by the preparation method with EPDME(14/7) ( ). Therefore, it was suggested that EPDME(14/7) probably plays the role of a co-surfactant for phytosterol surfactants and enhance the solubilizing ability for BEMT.
17 7
30 D sel 's of the polyoxypropylene moiety (signal ) of PO7/EO30-PS solubilizing BEMT with or without EPDME(14/7) were almost constant (NM-3 and 4 in ). On the other hand, D sel 's of the polyoxypropylene moiety (signal ) and the terminal methyl moiety (signal ) of EPDME(14/7) were 4.1 10 -10 and 4.2 10 -10 m 2 /s in water, respectively. D sel of the terminal methyl moiety (signal ) of EPDME(14/7) decreased to 2.6 10 -1 0 m 2 /s, when EPDME(14/7) coexisted with PO7/EO30-PS containing solubilized BEMT. The coefficient of the terminal methyl moiety (signal ) became identical to that of the polyoxypropylene chain (2.2 10 -10 m 2 /s). The results suggested that the diffusion speed of EPDME(14/7) decreases and becomes identical to that of micelle when PO7/EO30-PSsolubilized BEMT is present in EPDME(14/7) solution. In other words, a complex of PO7/EO30-PS-solubilized BEMT and EPDME(14/7) might be formed.
T 1 of the phytosterol structure (signal ) and the polyoxypropylene chain (signal ) increased with the EPDME(14/7) concentration and showed a peak value at 5.88 wt% EPDME(14/7) (NM-5 in ). Since the increase in the spin-lattice relaxation time indicates the increase in molecule kineticism, EPDME(14/7) was believed to increase the molecule kineticism of PO7/EO30-PS, a component of the micelle. It was found that T 1 of the polyoxypropylene chain (signal ) decreased and became closer to that of a simple EPDME(14/7) solution; however, T 1 of the phytosterol structure (signal ) became almost constant with a further increase of EPDME(14/7) concentration. These results suggest that (1) T 1 of the phytosterol structure (signal ) probably increases, since the molecule kineticism of PO7/EO30-PS that comprised the micelle increased with the EPDME(14/7) concentration, and (2) T 1 of the polyoxypropylene chain (signal ) probably approximates that of the simple EPDME(14/7) solution after showing the maximum value, since T 1 of the polyoxypropylene chain was averaged with EPDME(14/7) in bulk water.
On the other hand, T 1 of the external polyoxyethylene moieties in the micelle structure (signal ) decreased and became closer to that of simple EPDME(14/7) solution with the increase in the concentration of EPDME(14/7). It was suggested that EPDME(14/7) did not influence the kineticism of the outermost part of the PO7/EO30-PS micelle structure.
As mentioned in , (1) the microemulsion of phytosterol surfactants was different from that of other surfactants and (2) phytosterol surfactants consist of rigid cores having solubilized compounds between the hydrophobic moieties and are surrounded by polyoxyethylene chains that prevent self-aggregation. NMR measurement suggested that EPDME(14/7) squeezed in a narrow gap between the hydrophobic moieties of the surfactant, laxed their arrangement, and eventually increased the solubilized amount of an UV absorber. Moreover, it has been reported previously that the polyoxyethylene chain of surfactants prevented the aggregation of emulsion by osmotic pressure 21) . Since the microemulsion of phytosterol surfactant is believed to be similar to thermodynamically unstable ultrafine emulsion, EPDME(14/7) probably plays an important role in preventing the aggregation and deposition as a co-surfactant.
CONCLUSION
It has been very difficult to dissolve sparingly soluble compounds such as UV absorbers, which have high molecular weights and easily crystallize in bases containing a little amount of oil. In this study, it was clear that UV absorbers could be stably and effectively solubilized by using sterol surfactants. This knowledge may help to develop novel functional bases containing sparingly soluble ingredients (UV absorbers or medical ingredients).
